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ALL-OPTICAL SWITCHING USN(l-h17. D. r'.I CIN FA R ORGANIC LIQUIDS

L. Domash , P_ Levin', J. Aha , J. Kumar* and S. Tripathy'

AFoster-Miller, Inc., Waltham. MA, 02254 USA.
Dept. of Chemistry, Univ. (-f Lowed, Lowell, MA, 01854 USA.

0Dept. of Physicsc Urriv e o eI Lovell, MIA, 01354 USA.

ABSTRACT

Nonlinear optical organic lhquLcc.J;i en ;-ilyI.4 -nitro aniline (MNA)-fype
molecules in solution are poicntizily ; ii r.;I !I cider materials, foaturirg a large
and fast intensity dependent indiox ()1 11 :1. . 1v r. cer insulsceptibility to

laser damage and a triily i at'' io i;..." liw Imor preporty ma,-kes - them

compatible with glass sih!ratm r I~(;i. ,IW 1;0l )ibnalinn for demonstration
devices. Concepts and preliminary dama aro foeedtr a high speed all optical switch
based on glass waveguides suspcnded ini a nnri!rwzr lquid cladding of index ma*tched
organic solutions.

1. Introduction.

All-optical waveguide devices based on ufttiriast third order nonlinear optical
properties are desired for n variety of lnetnhirr!ninrj fiber optic switching, digital
logic, optical limiting and optical computinqg syate;Ims,. Materials potentially useful In
these application must possess (a) high Ihirct order nonlinearily. (b) ullrafast response
lime and (c) excellent additional requisite physical properties. These properties include
superior transparency, freedom from scatllring centers, uniformity, optically flat
surfaces, chemical and environmental stability and processibilily. Currently a number of
Inorganic optical materials satisfy these cteria, but no single material has emerged that
may be termed as an optical "silicon." Further enhancement of nonlinear properties is
still desirable for better performance and in addition, increased flexibility in tailoring
the requisite physical properties is crucial. Organc materials are often cited as having
the best tong range promise for such dievicos (11), which may exceed efficiency of
Inorganic materials in many aspects. stwth as, IrrfeponseO timeI with a low dielectric--
constant and higher third orde.r tnnlineariy in lie riiiateril!s transparent regimnef2,3). Ivss ion For
In addition, great tlexibility in molecular rtesiri andir ni (rlicatinn, for the enhancement of :

i,..~ l "J-. " Cc"'

i~uils L



properties is easily afforded. In spite of irtcwave reoearch using organic materials,
relatively few working devices have hmen Crm 2ritr to date due to a variety of

problems in selecting, procet., rnl ait f.d :,i qr , h riitlri;l into appropriate device

configurations.

Among organic nonlinear optical (HLO) solids available today, conjugated

macromolecular systems such as the potydiacetylene(PDA) family and guest-host systems

(in which an NLO material, e.g. MNA, is composited with a highly transparent and

chemically and dimensionally stable polymer. eqg polymetlhylmethacrylate) seem to be

good candidates for the application. However, when these materials are in a solid form, it

is not easy to fabricate them into desirable configurations and at the same time match the

refractive indices with associated optical elements as may be dictated in a device

configuration.

We discuss concepts for a class of switching devices intended to be easy to fabricate

and test, based on combining nonlinear organic solutions with glass fiber waveguides.
In constructing practical nonlinear waveguide devices for the application discussed above,

many characteristics other than large, high speed n2 effects become important. In

particular, low loss (the sum of absorption and scattering) is significant. The effective
nonlinear response for many device configurations is not the intensity induced index

modulation n2 -1 but the figure of merit, n2tl/i., where I is the intensity of the incident

beam, a Is the loss per cm and 2. is thne wavolcnttlh of tle incident beam.

A more mundane and often overlooked factor is that for maximum flexibility in

device design it is desirable that a third-order material should have a linear refractive
Index compatible with the other materials typically used in fiber optics and waveguide
structures. For example, some high performance organic films or crystals have indices
In the 1.6-1.9 range, making it difficult to integrate them with glass structures of index

- 1.45. In addition, laser damage threshold of the nonlinear material under consideration

must be high enough to withstand the fields required to generate significant nonlinear
effects. Finally, the usefulness of a material is severely limited unless a fabrication
technology exists to produce high precision, low toss waveguide forms. Organic materials
exist which satisfy each of these requirements, but no one mrtrial so far satisfies them

all at once. In an attempt to develop approaches to maximize utilization of organic NLO
materials and minimize processing and fabrication complexities, we employed NLO

materials in solution form.

Solution form of NLO materials provides at loasl two advantages for research and
feasibility demonstrations. First, adjusting the linear refractive index to match a given

fiber cladding will be significantly easier than in the solid state. Second, the

transparency problem will be drastically reduced since the scattering and inhomogeneity
prevailing in most solid films will be avoided. As a tradeoff for these advantages,
solutions raise problems such as concentration limits and temperature dependence of the

refractive index. Therefore. several solvents must be evaluated to identify the range of
refractive index available, and temperature must be controlled as accurately as possible
to minimize the temperature dependent chanrtes of refractive index.



With these factors in mind, il :.i di to irate that Friborg et. al. (4) were
able to demonstrate all-eplicirt switclitrrw ini :rn)rrr, dial core, optical fiber, operating as
a Jensen coupler (5). it) iiri r,ti,l, ,,.: Ow' nonlinear" material was ordinary
silica, whose n2 is Only 1/1 0000 lilt 'ii I rd*7p1iol high performance polymer such
as PDA, In [the material's ttan-.p;,rr ti d , ic-o s of 1he extremely high
transparency of silica, however, coritir,!i tlio cy rilino technology to form tong low
toss fibers, this small nonlinearity was3 avwrlid over a long optical path length (many

cms) In a "pipelined" switching conlirLlratier iphl of subpicosecond speeds. Switching
power threshold was on the order ot I kW, LJ!ting thle organic NLO solutions of the present
research, larger n2 eftects may yieldciltn timos an order of magnitude faster with
opti Cal switching power on thle order of lonnirW.

2. Duat-Waveguide Switching Device Lising Liquid Cladding.

In view of the difficulty ot tNlmc.omir.1; 'i uirs.c(i,i nonlinear thin trn
waveguides, It Is clearly a practical advanlaqie to worfk wvilh devices based on glass fibers
as an existing high quality wavegUicdieg stroc:tire, provided more strongly nonlinear
materials can also be introduced. Clark, Andonovic and Culshaw (7) modeted dual
wavegulde devices In which Ihe nonlinear material in a dual-core optical switch was
located contiguous with the cladding, as shown sche matic ally in Figure i. A directional
coupler Is first fabricated which, under low% power conditions, transfers 100% of the

optical power from fiber 1 to fiber 2. Under thn control of a separate optical pump beam,
or else a simple Increase in power of the signal itselif, the nonlinear core or cladding Index
n - n +n2 'l (where no is the linear refractive indc) is modulated sufficiently to alter

the coupling ratio between the two fibers, If the coupler length and power threshold are
sat correctly, this can cause the signat to oxit tOO'll. trom fiber 1 instead of transferring
to fiber 2, effecting an optically controlledtsic This class of devices is denoted
nonlinear coherent couplers (NLCC) Firlt 2iqqr'cl t at simple NLCC can in
principle be made by inlrxerfcnr it ti.,-t ~ ti~'rirrr coupler with etched

cladding In an index controlled bath of ;i fonlinear 1 giiirf. Although it is inherently less
efficient to locate the active nontinear rnatcrinl in tile cladtding than the core, this Carl be
compensated by large n2 values, tong mih lenqilis. irid very accurate index control of the

nonlinear cladding element, Ttre goat. in dcveli-'pnq_ such a switch, is subpicosecond speed

reduced Cladd,n) c..

Figure 1. The Nonlinear Coherent Coupler. t:l-r(:
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combined with a power [r lrO iir m.'.; ,'! I! ) rdr available from diode lasers,

10- 100 m W.

Highly transparenl third-orif: Im'rio riO ,,w:r r tuear index can be precisely

adjusted to match glass claddinc vlCues :r r,, kr mted to glasses, doped glasses or

liquids. Tho latter have the advantarle of ;-'to ;,ty much larger nonresonant

nonllnearltles. Although liquid CS2  a ta ldm d for third-order nonlinear optics,

relatively little effort has been devoted to dove:npinq new. higher performance liquids as

practical device materials. Using high concentrations of NLO solutions, it is possible to
precisely match the index to a range ot desired values In high concenlratlions, n2 values

comparable to the best solid organic ma',eria!s may be possible, along with the low loss

and self-healing characteristic of high purify 1iqids. A number of approaches such as

gelation may be adopted to "lix" the solrtion for trnr silon to a solid device, if desired.

3. Device Model.

The equations describng power trirnstirr within a NLCC were derived by Jensen

(5). The NLCC is defined as two parallel waveouices spaced closely enough for evanescent

wave overlap and separated by a nonlire, mditMiri. For a coupler with active region equal

to the characteristic coupling length. I-C , the couplrtrr will operate in the "crossed state" at

low powers (L.o. all of the power launced rain Onc, vvvquidt will exit the second

wavegulde). As the Input power to worvew(rrll,t f iraCc, the power out of waveguldo 1
Is described by

Pout(l) - Pin(l) [1 + CN(TI(P1 n( 1 )/Pc)2)]/2

where CN is a Jacobi elliptic funclion and

PC - A )JLc n2

where n2 is the nonlinear refractive rncoh, of the rmiedlum constiluling and surrounding

the guides and A is the cross-seclionat area of each guide. The nonlinear dynamics

Figure 2. A Simple NLCC with Uqau. I ,,,. i. O ',ir, ;r t id Bath.



responds to both corn and cladding n-, A cnil n1 ihf:; tnvosligaini naneeto h
effective nonlinear index of t he mediumi siondnhmqlte coupler guides by using organic
Nt.O solutions.

Switching of t1he NLCC from thec croseeed inr he parlle to is shown as a function
of input power In Figure 3. The effect of ;I 1arin t :o increase in the nonlinear Index of
the medium constituting and surrounding tfw ccr 2 ' uidrs is shown by fhe two curves;
the coupler with the higher nonlinearity ra.s rn.,i*.lelinrl at a lower power. Since
some nontinearity is always present in Vwi cni. iniid ( hig cher field there emphasizes
this contribution over that of thle clndljitt. ihi'rt' l. 1 nionlinear liquid bath is

essentially to enhance the perlorarancf (i rednice the powver threshold for switching)
which Is already present due to the sniall ofinary0 the glass core.

0,
C /
R 0.84

' 0. 2

(where Pc for rnc dIury w,:ir, f,,-

Figure 3. Signat Fraction Exiling Fiber Ia-, a F-maci,-r 0t Input Power.

4. Organic NLO Materials and hlerr ",nivowtl,'am~

For the pretiminary demonstration of all-optical switching using NLO solutions,
commercially available 2-methyl-4 -nitroanline( MNA) was selected, which is
primarly known as a second order materal (21. NANA also possesses considerable third
order nontinear optical properties, whose high sge'-' ni-nresonant nonlinear indcex Of
refraction 0n2 - 25.0 x 10'1 1esu) is 2-3 times greater than that of Si or p.
nitroaniline (3). Exceptionally high seluhily at lANA in polar solvents allows a wide
range of refractive indices to be available. lANA alnprmn. des a wide transparent regime
(from mid visible to near infrared) in which oig)lca losses are minimum (Figure 4).

Suitable solvent systems lnr 1MMrA 0o'r,,iihnaj for Itie solution based alt-optical
switching device. Dimelhyltormamide P-~),Idexarne, propylene carbonate (PC) and
tetrahydrofuran (THF) provided high setmibilty vwi a1 wide range of index choices.
Solubility of MNA In each solvent (-PLliC rjmill .1i macnil trmertr ",Is Measured for
the determination of tho range of rr.,,u:m 111rfo ai,'a!abe (Table 11.



Table 1. Solubility of MNA in Difoofo,' S- ivr f, ;1 Fcirn Temperature.

SOLVENT :.,, i I'Y Iryrmis/lifer)

DMF 7

p-DIOXANE I

PC 1554

THF 349

Table 2. Temperature Dependenco of Pii ; : ,,., h . of MNA Saturated Solutions.

F!Ef:,lAC rlVE I1N1DEX

SOLVENT

OMF 1 .56(c0 1.5613

p-DIOXANE 1.4766 1.4725

PC 1.4580 1.4546

THF 1.4854 1.4817

Variation of refractive index of tfie MNA !;nflion in various solvents at 200C as a
function of concentralion was oblained usin ; Are refraclometer. Refractive indices
available as shown in Figure 5, rinqre fror'.' 1 .4 , 5 v.,;Ii Ihe solvents used, from which

one can easily match the refractive vndr, l s;! c. o,,lcaSl fibers. Temperature dependence
of refractive index in MNA saturated soluhflir r,'SiW'rt,1 ,il 150C and 25 0 C is tabulated in

Table 2. Pluctuation of refractive indfx ;1r a rw,; o! he ltemperature variation turned
out to be approximately 0.0004/OC, S f;: ,I i, eSeuenrl to control the solution

temperature to better than +0.10 in tils exDerimen! in) uruor for only electronic

nonlinear refractive index change to be effectivo

One can tailor the refractive index to the desired value by varying one or more of
the following factors; (a) concentration of the NLO solution, (b) temperature of the

solullon and (c) solvent type. It is true tfi;t lr hilifer the number density of the NLO

molecules In solution, the larger the nonlinear eltects are. In practice, however, not only
nonlinoarity but also optical loss., solvenl vOIA1finfry. Slhifly of polymeric components In



an Argon-ion laser (515nm) for punip 1t(',;w .. c.tw u.LII in Ihis research. All-optical

switching demonslration usin) oplir:t ' i, .. l-, weib orqnnc nlhienear solutions

is in progress.

A large number of organic and polyniur:c rle.dclar systems have been identified

wilh significantly larger third order nonlineu ie; compared to MNA. While polymeric

solulions with as high concenlrations May no)l hl' IWl)n;SilC to prepare, gets and oligomers

may be prepared with large nonlineor cooelciints and high number density of the aclive

molecules. A number of organic NLO mci:ciil; i -yi.ens have been designed and

synthesized In our laboratory (8). which nr, r.,pIodlt to possess significantly larger

third order nonlinearilies. In addition, sev;rl of heose molecules incorporated

diacetylene and acetylene units. Potymerraton in ihesn systems may lead to soluble

materials with large nonlinear coefficients. Eventualy, these polymeric NLO materials

are expected to improve the device performance by at teast an order of magnitude leading
to a switching power threshold of less Ihan ) ComW

5. Preliminary experimenls.

As a preliminary lest, we have constructed a device as shown in Figure 2, developed
a high precision laboratory method ol iichliin liquid indices to glass cladding, and

demonstrated modulation of the probe he;irli , l;) imnmp )eaoi at low speed using thermal

effects. This demonstration which tie I,.i, Lin,,ut ol wilh thermal changes in the index
of refraction of the surrounding li(jids. qsome indication of the dynamics to be
expected from electronic nonlinearities et fhn NLO soltions in subsequent experiments.

A cross-section of the experimental npparatus is shown in Figure 6. The basic

coupler Is of the fused type and is fabricated from two optical fibers with single mode
cutoff at about 590 nm. The fused or 'aclive" renico of the coupler is about 1 cm long and
has an estimated minimum diameter ot ohrt 40 t ncfens. At both ends of the active
region, at the points 61 bifurcation, an epoxy ncipsulant i, used to anchor and seal the
coupler. As shown, after encapsulation. only 1hr, ;)ntie roqion rC,&s;r.S a',aiab!e for

nas er, . I a ',',

chopper

Figure 6. Preliminiary E.xpetiricit



the device assembly, such as epoxy enc:os;.rm .i . in ust be taken into consideration.
Consequently, non-volatite PC war, 0i t ,. ,. t,- h l- ! va a lest solvent for the
demonstration in which epoxy erncip I;r .. , -r-J 1- veiy strble for long periods ot

time.

A UV-VIS transmission spectruni of (" ,.'.;1 cl;ined to determine the transparent

window available for the probe and pump [p.,mij, At, !,ho.,v in Figure 4, in MNA solution,
excellent transparency is seen f(or wavetnwl ft *t .,S though near infrared with an
absorption peak at 380nm. Output trom i

1  
ii I;i1.i t (633nm) for probe beam and from

T(%)

o

200 3 0 0 10 7 , 0 000 g00

Figure 4. UV-VIS Transmission pSclrii ci Lir

S.55
0 PC
* DMr
a p-Dioxv.,

")1 .50 prut 01;031

no

1.0 n"H

1.45 E.

1.40- 
'0 100 20( 300 400 500

Figure 5. Refracive Indices of MNA Sriurner(si:,uO°C



exposure to the test liquids. The coJipS'h 0 1 ',:iIl "Ss steel tube, wilh central

section cut out. The tube passes dual' .i I.iqud reservoir and serves as a
liquid-tight bulkhead throigh ,%lm, I I ,,r . r ', , t l the couplehr pass.

As some of the telst solverrp, ;irwr l. .l,f. . ,r i lt IiIld with a removable
cap to prevent evaporation. Ilw 6,;(,0 1,,. the reservoir until the active

region is submersed. The turrprtllr ,'r . " rriiuiy bo controlled by healing or

cooling through the walls of lhe rear. rr control is important to

stabilize the splitting ratio. If neces.s-,ur., ib, rv ina ' reservoir may be stirred with

a magnetic bar.

The apparatus may be used wilh a sinrrre laiser input beam at adjustable intensity

which serves as both the pump beam and the probe beam, or else two lasers operating at

different wavelengths may be used to separate the probe/signal and pump/control

functions. In our initial tests it was convenient to use separate lasers for the probe and
pump beams: the arrangement for launch and drl,,clon of transmitted optical signals is
shown in Figure 6. The probe honr rn; : 1i-, 1-, i w,.; sripped of cladding modes by

use of index matching fluid ippl ( - , 1i w al ri of rrnoated fiber tip.

With separate purnp ind pr ),t , : i, 10 i:. I, i.i\imr: e lhe amount of pump
beam power which enters into the orrt;irc ,Ipi- a ,r Ii. 'ih'e the probe beam is
restricted to single mode operaion for p . : ,r'i al the switch, the pump beam is
not similarly restricted. Excitltlior i 1 l i. , ' !lie primp beam assures that
substantial pump power will e ow i n ia.ir I,;ii, wIi loii ltir entrance interaction
with the liquid, the wavelength of the pump "oam inay be chosen to lie just below cut-off,
where the second mode is loosely bound, or far above cul-off where the fundamentat mode

Is loosely bound. Balancing these advarlages, however, is the added complexity that a dual
laser arrangement poses. The pump and probe channels must be separated at the detectors
by use of, for example, narrowband filters, and'or lock-in detection using modulation
frequencies for the two lasers which are net relatnd holrmonically.

As a preliminary test of ti,( (o-r . m ,,i,.. . ;,m Irorg n ion laser (Coherent Innova

90-6) producing 0.5-4 W at 515 nm was Lrind! a, ; i
0
l proip beam in Figure 6. The

distance from the pump launch end io tIh 1' region was less than 1 meter. A
comparison of coupler pump beam ttkroor., itn i 1,;hh outpul arms) before and after
the application of index malching fluid to ia ' r; , ;:,- revealed that 15 % or more of

the launched power could be made avarlalre l a taon of the organic fluid.

Optical modulation of the I I k "rt, 1, ill, ..., d(rroristraled under control of the

argon pump beam, by means of Iher i rir,,! :l vmiri of Ori, acive region of the coupler, as
shown in Figure 7. This effect was quile, ,0-,w , pr-:mlecd. on ilme order of 10 ms. but
served to demonstrate principles similar I, rtose wirm-I1m will operale in subpicosecond
experiments using purely electronic inde, 'edri'uons Addition of an index matching
fluid to the active region reduced the arplitrude of Ifre probe beam modulation, possibly
because the liquid stabilized thre , 'e rqinn ierrlper,Hre crorrqf Convective cooling.
The frequency response of the ;. obo bearm r rl;rotn rolled oft at only a few kHz,

characteristic of a cooling-r-'lo limiled ,ystrri tJ r, that it is difficult to distinguish



experimentally between the con:1ii: 1.::i:1n nonlinearitie~, whether
thermally or elcctronlicalty ind!jc,

The experimlental aplcr;itii; :-r., I,, .9 fi i, lduq h h speed a1-opical

switching experiments us ing a suhl n;inw,' ,v wl t;! -,v pump in conjunction with the

organic NLO liquids as doscribed abo)cve, lo 1W11( 11~il Such tiqiuid baths to the cladding or

other selected glass references c.irtl, ira tocctiiiique was devetoped using a
H-eNe laser beam directed transversel,, ow,) !hif (itched ihor/liquid interface in a test cell.

An index match is indicated I)', tilitib I') .[ .. u il the scattered light is
minimized. By careful collection ot I~auu i-l "u' u of a micropipette to adjust the

solvent mixture, it was passithle i, tLuliy ii t- r than 0,0001. The liquids

used were mixtures of orga'.nic '!'vm, ane (n-1 .42) and acetylene

tetrabromide (n l .48), selected -- (r- 1 ',70 at 633 nm). Using
improved sensitivity, it is cxpect'"r li19'! - (2. crntrol can be achieved, which is

sufficiently precise to set the pqs:-' r'u'r5 429'mode waveguides.

choppod conot
beam In

modulated probe out

Figure 7. Optical Coupling duo to rnehi ! ,-~t'c~~l;tc

6. Concluding Remarks.

To demonstrate all-optical switching u.-ieq orgaoic NLO solutions, MNA was selected
as a test NLO material and its suitable solvw !Sy:',!nm- Wire identitkod. The- range of
refractive index available war, also ebnhmirt i, ,1%MA c nlitions in various solvents
and at different temperatures. The transp.-Ii~ r, 1 in MNA Sol-ulici was determined
for the probe and pump beams employinr) l. r-; ,A lest apparatus has been
designed and assembled which n;ah !1c -i . :h-v-a fiber optic single mode
coupler and NLO liquids. Thermal no:sgmil has been demonstrated
with this apparatus. Subpicosecoert a~t~i- S 1: uu~ inot organic NLO solution (e.g.
MN\A/PCI, including new NI.C) .,na i~i ''", ahat cilry, is now under
investigation for enhianceid .wsiit 1)), ~ '~ !1:, 111' 0 .. Ii eq sed mallr
switching power threshold and r0iorwr ni!-i iI ui
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